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ȱ ABSTRACT
Inȱ theȱcurrentȱextensiveȱ studiesȱofȱ transitionȱmetalȱdichalcogenidesȱ (TMDCs),ȱ
comparedȱ toȱhexagonalȱ layeredȱmaterials,ȱ likeȱgraphene,ȱhBNȱandȱMoS2,ȱ lowȱ
symmetryȱlayeredȱtwoȬdimensionalȱ(2D)ȱcrystalsȱhaveȱshownȱgreatȱpotentialȱforȱ
applicationsȱ inȱ anisotropicȱ devices.ȱRheniumȱ diselenideȱ (ReSe2)ȱ hasȱ theȱ bulkȱ
spaceȱgroupȱPͳതȱ andȱbelongsȱtoȱtriclinicȱcrystalȱsystemȱwithȱaȱdeformedȱcadmium
iodideȱtypeȱstructure.ȱHereȱweȱproposeȱanȱelectronȱdiffractionȱbasedȱmethodȱtoȱ
distinguishȱ monolayerȱ ReSe2ȱ membraneȱ fromȱ multilayerȱ ReSe2,ȱ andȱ itsȱ twoȱ
differentȱverticalȱorientations,ȱourȱmethodȱcouldȱalsoȱbeȱapplicableȱtoȱotherȱlowȱ
symmetryȱ crystalȱ systems,ȱ includingȱbothȱ triclinicȱ andȱmonoclinicȱ lattices,ȱ asȱ
longȱ asȱ theirȱ thirdȱunitȬcellȱbasisȱvectorsȱ areȱnotȱperpendicularȱ toȱ theirȱbasalȱ
planes.ȱ Ourȱ experimentalȱ resultsȱ areȱ wellȱ explainedȱ byȱ kinematicalȱ electron
diffractionȱ theoryȱ andȱ correspondingȱ simulations.ȱ Theȱ generalizationȱ ofȱ our
methodȱtoȱotherȱ2Dȱmaterials,ȱlikeȱgraphene,ȱisȱalsoȱdiscussed.ȱ
ȱ
1ȱ ȱ Introductionȱ
Sinceȱ theȱ successfulȱ fabricationȱ ofȱ atomicallyȱ thinȱ
carbonȱ filmȱ fieldȱ effectȱ transistor,ȱ thereȱ hasȱ beenȱ
growingȱ interestȱ inȱ investigatingȱ vanȱ derȱ Waalsȱ
layeredȱmaterialsȱamongȱtheȱresearchȱcommunities[1].ȱ
Inȱ particular,ȱ theȱ familyȱ ofȱ transitionȱ metalȱ
dichalcogenides,ȱwhenȱreducedȱtoȱatomicȱthicknesses,ȱ
showsȱ greatȱ potentialȱ forȱ futureȱ applicationsȱ inȱ
semiconductingȱ electronicsȱ andȱoptoelectronics,ȱ andȱ
alsoȱopenedȱupȱmoreȱopportunitiesȱ toȱexploreȱnovelȱ
physicalȱ phenomenaȱ inȱ condensedȱ matterȱ physics,ȱ
suchȱ asȱ valleyȱ physics[2,ȱ 3],ȱ superconductivity[4],ȱ
chargeȱ densityȱ waves[5,ȱ 6],ȱ andȱ largeȱ
magnetoresistance[7].ȱ
Ofȱtheseȱmaterials,ȱlowȱsymmetryȱ2Dȱmaterialsȱhaveȱ
emergedȱasȱanisotropicȱelectronicȱandȱoptoelectronicȱ
candidates.ȱComparedȱtoȱgrapheneȱandȱMoS2ȱwithȱtheȱ
highlyȱ symmetricȱ hexagonalȱ structures,ȱ thoseȱ 2Dȱ
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materialsȱwithȱreducedȱsymmetry,ȱrangingȱfromȱblackȱ
phosphorus[8Ȭ10]ȱandȱWTe2[7]ȱtoȱReS2ȱandȱReSe2,ȱhaveȱ
internalȱ anisotropicȱ physicalȱ properties.ȱ Moreover,ȱ
ReS2ȱandȱReSe2ȱshareȱsimilarȱcrystalȱstructures,ȱ theyȱ
bothȱ haveȱ aȱ distortedȱ octahedralȱ 1Tȱ structureȱ andȱ
belongȱtoȱtriclinicȱcrystalȱsystem,ȱandȱReȱatomsȱformȱ
zigzagȱ chainsȱ inȱ theȱ basalȱ plane,ȱ arisingȱ fromȱ theȱ
Peierlsȱ distortion.ȱ Therefore,ȱ ReSe2ȱ andȱ ReS2ȱ flakesȱ
haveȱbothȱ inȬplaneȱandȱoutȬofȬplaneȱanisotropy,ȱandȱ
recentlyȱ thereȱ haveȱ beenȱ numbersȱ ofȱ applicationsȱ
basedȱonȱtheirȱanisotropicȱpropertiesȱ[11Ȭ16].ȱ
Whenȱ materialsȱ areȱ thinnedȱ downȱ toȱ atomicallyȱ
thinȱ membranes,ȱ thicknessȱ beginsȱ toȱ playȱ anȱ
importantȱ roleȱ inȱ tailoringȱ theirȱproperties,ȱandȱviceȱ
versa,ȱ thereȱareȱaȱvarietyȱofȱ techniquesȱ toȱdetermineȱ
theirȱ thicknesses,ȱ rangingȱ fromȱ imageȱ contrastȱ ofȱ
reflectedȱ lightȱ microscopy[17Ȭ23],ȱ secondȱ harmonicȱ
microscopy[24Ȭ27],ȱintuitiveȱatomicȱforceȱmicroscopyȱ
andȱ crossȬsectionalȱ imagingȱ toȱ Ramanȱ andȱ
photoluminescenceȱ spectroscopy[28Ȭ31].ȱ Inȱ theȱ fieldȱ
ofȱ electronȱ microscopy,ȱ thereȱ areȱ miscellaneousȱ
methodsȱtoȱidentifyȱthicknessȱasȱwell,ȱwhichȱincludeȱ
peakȱ shiftȱ inȱ plasmonȱ spectroscopy[32,ȱ 33],ȱ directȱ
highȬresolutionȱ transmissionȱ electronȱ microscopyȱ
(HRTEM)ȱ imagingȱ combinedȱ withȱ simulations[34]ȱ
andȱ linearityȱ inȱ annularȱ darkȱ fieldȱ scanningȱ
transmissionȱ electronȱ microscopeȱ (ADFȬSTEM)ȱ
signals[35,ȱ 36].ȱ Apartȱ fromȱ theȱ aboveȱ methods,ȱ
electronȱdiffractionȱanalysisȱ[33,ȱ37Ȭ42]ȱhasȱalsoȱbeenȱ
demonstratedȱ asȱ anȱ efficientȱ toolȱ toȱ determineȱ
thicknessȱinȱ2Dȱmaterials,ȱsinceȱitȱcouldȱbeȱconductedȱ
onȱ anyȱ commercialȱ uncorrectedȱ TEMȱ convenientlyȱ
withȱ negligibleȱ beamȱ damagesȱ onȱ aȱ largeȱ areaȱ ofȱ
pristineȱcrystallineȱsamples.ȱFurthermore,ȱdiffractionȱ
basedȱ methodsȱ usuallyȱ involveȱ aȱ seriesȱ ofȱ sampleȱ
tiltingȱorȱuseȱtheȱrelativeȱratioȱofȱtheȱchosenȱdiffractionȱ
spots,ȱ andȱ someȱ researchersȱ noticedȱ theȱ intensityȱ
mismatchȱinȱaȱpairȱofȱcrystallographicallyȱequivalentȱ
diffractionȱ spotsȱ (Friedelȱ pair)[40,ȱ 43,ȱ 44],ȱ hereȱ weȱ
demonstrateȱaȱmethodȱofȱidentifyingȱmonolayerȱReSe2ȱ
byȱ theȱ centrosymmetryȱ withȱ aȱ singleȱ diffractionȱ
pattern.ȱ
ȱ
2ȱ ȱ Theoreticalȱbasisȱandȱsimulationȱ
Toȱillustrateȱtheȱessenceȱofȱelectronȱdiffractionȱpatternȱ
evolutionȱwithȱthicknessȱofȱatomicallyȱthinȱReSe2,ȱanȱ
analyticȱkinematicalȱdiffractionȱtheoryȱapproximationȱ
hasȱ beenȱ developedȱ inȱ thisȱ study,ȱwhichȱ isȱ usuallyȱ
applicableȱ toȱultraȬthinȱspecimensȱandȱ lightȬelementȱ
atoms[37,ȱ 40].ȱ Inȱ theȱ classicȱ descriptionȱ ofȱ electronȱ
diffractionȱ processes,ȱ electronsȱ areȱ scatteredȱ byȱ
specimensȱ electrostaticȱ potential,ȱ andȱ accordingȱ toȱ
theȱfirstȱBornȱapproximation,ȱamplitudeȱofȱdiffractedȱ
beamȱ isȱproportionalȱtoȱtheȱFourierȱtransformȱofȱtheȱ
correspondingȱ specimensȱ potential.ȱ Furthermore,ȱ
withoutȱconsideringȱtheȱeffectȱofȱinteratomicȱbonding,ȱ
theȱ totalȱ specimensȱpotentialȱ couldȱ beȱwrittenȱ asȱ aȱ
superpositionȱofȱallȱindividualȱatomsȱpotentialsȱandȱ
theȱ Fourierȱ transformȱ ofȱ oneȱ atomsȱ potentialȱ isȱ itsȱ
atomicȱscatteringȱfactor[45Ȭ47].ȱ ȱ
Inȱ theȱ caseȱ ofȱ fewȬlayerȱ ReSe2,ȱ weȱ firstȱ takeȱ
summationsȱofȱ atomicȱ scatteringȱ factorsȱoverȱ aȱunitȱ
cell,ȱ containingȱ fourȱ rheniumȱ andȱ eightȱ seleniumȱ
atomsȱasȱshownȱinȱFig.ȱ1(a)&(b),ȱandȱthenȱcombineȱallȱ
unitȱcellsȱalongȱtheȱthicknessȱdirection,ȱtheȱtwoȱterms,ȱ
asȱaȱwhole,ȱareȱdefinedȱasȱaȱbasisȱsumȱterm.ȱThenȱweȱ
sumȱ thisȱ termȱ laterallyȱ overȱ theȱ entireȱ basalȱ plane,ȱ
definedȱ asȱ theȱ twoȬdimensionalȱ latticeȱ summationȱ
term[37].ȱThisȱisȱformulatedȱasȱ
2 2
( , )( ) ( )l bi K R i K R atom Re Se
lattice basis
f K e e f KS S    ¦ ¦))& ))&& && & ȱȱ ȱ (1)ȱ
whereȱ lR ȱȱ andȱ bR ȱȱ isȱ theȱ discreteȱ latticeȱ andȱ basisȱ
vectorȱ ofȱ ReSe2ȱ crystalȱ respectively,ȱ K))& ȱ ȱ isȱ theȱ
differenceȱ betweenȱ diffractedȱ andȱ incidentȱ electronȱ
waveȱ vector,ȱ ( , ) ( )atom Re Sef K& ȱȱ isȱ theȱ atomicȱ scatteringȱ
factorȱforȱReȱorȱSeȱatoms,ȱandȱthisȱformulaȱcouldȱbeȱ
furtherȱsimplifiedȱasȱ ȱ
( ) ( ) ( ) ( )lattice stacking structuref K s K s K F K 
& & & & ȱ ȱ ȱ ȱ ȱ (2)ȱ
whereȱtheȱthreeȱtermsȱrepresentȱsummationsȱoverȱ2Dȱ
latticeȱ plane,ȱ verticalȱ directionȱ andȱ oneȱ unitȱ cellȱ
respectively.ȱ Weȱ willȱ discussȱ inȱ detailȱ aboutȱ theȱ
multiplicationȱofȱtheȱthreeȱterms.ȱTheȱfirstȱtermȱisȱtheȱ
resultȱofȱinȬplaneȱperiodicityȱofȱlayeredȱReSe2ȱcrystal,ȱ
byȱtakingȱsquareȱofȱtheȱmodulus,ȱandȱhence,ȱ ȱ
2 21 2
2
2 2
2 2( ) ( )
2 2| ( ) |
2 2( ) ( )
2 2
lattice
n K a n K b
sin sin
s K
K a K b
sin sin
S S
S S
 
  
&& &&
&
&& && ȱ ȱ ȱ ȱ (3)ȱ
whereȱ a& ȱ ȱ andȱ b& ȱ ȱ areȱ inȬplaneȱ latticeȱ vectorsȱ
indicatedȱ inȱ Fig.ȱ 1(a)&(b),ȱ 1n ȱ ȱ andȱ 2n ȱ ȱ areȱ theȱ
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numberȱ ofȱ unitȱ cellsȱ alongȱ theirȱ correspondingȱ
directions.ȱThisȱequationȱcouldȱbeȱ treatedȱasȱaȱDiracȱ
deltaȱ function,ȱ 2 1 2| ( ) | ~ ( ) ( )lattices K n n G D G E& ȱȱ asȱ longȱ asȱ
1n ȱ andȱ 2n ȱ areȱlarge,ȱinȱotherȱwords,ȱtheȱilluminatedȱ
areaȱisȱlargeȱenough.ȱ D ȱ andȱ E ȱ representȱdeviationsȱ
fromȱtheȱnearestȱreciprocalȱ latticeȱpointsȱalongȱbasalȱ
planeȱ directions.ȱ Therefore,ȱ thisȱ termȱ isȱ noneȬzeroȱ
onlyȱ for K G kA & ))&& ȱ ,ȱ where * * *G ha kb lc  
))& ))& ))&& ȱ ,ȱ
representingȱ theȱ reciprocalȱ latticeȱpoints,ȱandȱ kA))& ȱ isȱ
theȱperpendicularȱcomponentȱofȱtheȱvectorȱdescribingȱ
deviationȱfromȱtheȱreciprocalȱlatticeȱpoint.ȱTherefore,ȱ
noneȬzeroȱvaluesȱ areȱ oftenȱ interpretedȱ asȱ reciprocalȱ
relȬrods.ȱ Theȱ secondȱ termȱ isȱ determinedȱ byȱ theȱ
stackingȱ ofȱ unitȱ cellsȱ inȱ theȱ outȬofȬplaneȱ direction,ȱ
expressedȱasȱ ȱ
ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ
2
2
2
2( )
2| ( ) |
2( )
2
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S
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& &
&
& & ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ (4)ȱ
 whichȱ isȱ similarȱ toȱ theȱ firstȱ term,ȱ butȱ Nȱ isȱ muchȱ
smallerȱ sinceȱ itȱ representsȱ theȱ layerȱ numberȱ ofȱ theȱ
correspondingȱatomicallyȱ thinȱ layeredȱReSe2ȱ crystal.ȱ
Therefore,ȱtheȱvalueȱofȱtheȱsecondȱterm,ȱalsoȱdefinedȱ
asȱtheȱshapeȱfactorȱ inȱconventionalȱbulkȱcrystal,ȱwillȱ
oscillateȱalongȱtheȱzȱdirection,ȱwithȱtheȱperiodicityȱofȱ
*c ȱ,ȱ theȱ lengthȱ ofȱ *c
))&
ȱ,ȱ butȱ remainȱ constantȱ forȱ
monolayer.ȱ Allȱ directionȱ specificationsȱ inȱ ourȱ
discussions,ȱinvolvingȱxyzȬCartesianȱcoordinates,ȱareȱ
consistentȱwithȱ theȱ illustrationȱ inȱFig.ȱ 1(a)&(b).ȱTheȱ
lastȱtermȱ isȱnamedȱasȱtheȱstructureȱfactor,ȱbyȱsimplyȱ
summingȱupȱallȱatomicȱfactorsȱinȱoneȱunitȱcell,ȱwhichȱ
couldȱ beȱ calculatedȱ numericallyȱ accordingȱ toȱ theȱ
inversionȱsymmetryȱinsideȱtheȱunitȱcell,ȱthenȱ
2
2
1
4
2
1
| ( ) | 4[ ( ) 2 ( )
( ) 2 ( )]
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Se j j j
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¦
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ȱȱ (5)ȱ
whereȱ ia' ȱ,ȱ ib' ȱȱ andȱ ic' ȱȱ representsȱ Reȱ atomsȱ
relativeȱ coordinateȱ deviationsȱ fromȱ theȱ inversionȱ
centerȱ ofȱ unitȱ cellȱ inȱ theȱ a& ȱ,ȱ b& ȱȱ andȱ c& ȱȱ directionȱ
respectively,ȱ therefore,ȱ inȱanȱunitȱ cell,ȱ thereȱareȱ twoȱ
andȱ fourȱcrystallographicallyȱ inequivalentȱatomsȱ forȱ
Reȱ andȱ Seȱ respectively,ȱ andȱ theirȱ atomicȱ scatteringȱ
factorsȱareȱwellȱtabulated[45].ȱ
Inȱbrief,ȱtheȱfirstȱtermȱrestrictsȱnoneȬzeroȱvaluesȱtoȱ
theȱrelȬrodsȱ inȱreciprocalȱspace,ȱwhichȱareȱ locatedȱatȱ
theȱreciprocalȱlatticeȱpointsȱandȱperpendicularȱtoȱtheȱ
basalȱ plane,ȱ thenȱ theȱ shapeȱ factorsȱ modulateȱ theȱ
intensityȱ alongȱ theȱ thicknessȱ direction,ȱ withȱ aȱ
characteristicȱ lengthȱ ofȱ *c ȱ,ȱ finallyȱ theȱ structureȱ
factorsȱwillȱtuneȱtheȱintensityȱmuchȱmoreȱslowlyȱinȱzȱ
direction,ȱ andȱ atȱdifferentȱ (h,ȱ k)ȱpointsȱ inȱ theȱ basalȱ
plane.ȱ Here,ȱ weȱ areȱ mainlyȱ focusingȱ onȱ theȱ shapeȱ
factor,ȱanȱindicatorȱofȱtheȱsampleȱthickness.ȱInȱFig.ȱ1(c),ȱ
theȱshapeȱfactorsȱofȱaȱbiȬlayerȱReSe2ȱareȱvisualizedȱinȱ
theȱreciprocalȱspace.ȱAsȱweȱcanȱsee,ȱtheȱplaneȱformedȱ
byȱ vectorȱ *a
))&
ȱȱ andȱ *b
))&
ȱȱ isȱ inclinedȱ inȱ theȱ reciprocalȱ
space,ȱasȱtheȱthirdȱunitȱcellȱbasisȱvectorȱinȱdirectȱspaceȱ
isȱ notȱ perpendicularȱ toȱ theȱ basalȱ planeȱ andȱ thoseȱ
inclinedȱplanesȱwillȱintersectȱwithȱbasalȱplaneȱalongȱaȱ
seriesȱofȱparallelȱlines.ȱMoreȱspecifically,ȱtheȱdistancesȱ
ofȱtheȱnearestȱreciprocalȱlatticeȱpointsȱwithȱbasalȱplaneȱ
willȱvaryȱperiodically,ȱasȱillustratedȱinȱFig.ȱ1(d).ȱ ȱ
Asȱweȱhaveȱdiscussedȱinȱtheȱkinematicalȱdiffractionȱ
theory,ȱ electronȱ diffractionȱ patternȱ couldȱ beȱ
interpretedȱasȱtheȱintersectionsȱbetweenȱEwaldȱsphereȱ
andȱ reciprocalȱ relȬrods,ȱ alsoȱ knownȱ asȱ theȱ
multiplicationȱofȱ theȱshapeȱ factorsȱandȱ theȱstructureȱ
factors.ȱ Figure.ȱ 2(a)ȱ showsȱ aȱ pairȱ ofȱ
crystallographicallyȱequivalentȱshapeȱfactorsȱandȱtheirȱ
intersectionsȱwithȱEwaldȱsphere.ȱ Itȱ isȱnotedȱ thatȱ theȱ
twoȱ intersectionsȱ areȱ notȱ symmetrical,ȱ andȱ theȱ
distancesȱbetweenȱ theȱ intersectionsȱandȱcentroidsȱofȱ
theȱshapeȱfactorȱ(reciprocalȱlatticeȱpoints)ȱareȱwrittenȱ
asȱ 1' ȱȱ andȱ 2' ȱȱ respectively,ȱwhichȱ determineȱ theirȱ
correspondingȱ intensities.ȱ Inȱ addition,ȱ theȱ distanceȱ
betweenȱEwaldȱsphereȱandȱbasalȱplaneȱisȱdenotedȱasȱ
c' ,ȱandȱtheȱdistanceȱbetweenȱtheȱcentroidȱofȱtheȱshapeȱ
factorȱandȱbasalȱplaneȱ isȱ s' ,ȱ therefore,ȱ 1 | |s c' '  ' ȱ
andȱ 2 | |s c' '  ' ȱ .ȱ Suchȱ aȱ mismatchȱ couldȱ beȱ
attributedȱtoȱtheȱcurvatureȱeffectȱofȱEwaldȱsphereȱandȱ
theȱinclinedȱnatureȱofȱ *a
))&
ȱ andȱ *b
))&
,ȱtheȱreciprocalȱbasisȱ
vectorsȱ inȱtheȱtriclinicȱcrystalȱ lattice.ȱInȱotherȱwords,ȱ
whenȱtheȱincidentȱbeamȱisȱperpendicularȱtoȱtheȱbasalȱ
plane,ȱ theȱReSe2ȱ crystalȱ doȱ notȱ sitȱ inȱ theȱ zoneȱ axisȱ
direction,ȱ andȱ thusȱ theȱ prerequisiteȱ ofȱ wellȬknownȱ
Friedelȱ lawȱ couldȱnotȱ beȱ satisfied,ȱhence,ȱ thereȱ isȱ aȱ
mismatchȱ inȱ theȱ intensityȱ forȱ aȱ pairȱ ofȱ
crystallographicallyȱ equivalentȱ spotsȱ exceptȱ forȱ
monolayer.ȱ Asȱ illustratedȱ inȱ Fig.ȱ 2(b),ȱ s' ȱ ȱ isȱ
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determinedȱbyȱ theȱverticalȱpositionȱofȱ theȱreciprocalȱ
latticeȱpoint,ȱasȱweȱhaveȱshownȱinȱFig.ȱ1(c)&(d),ȱ c' ȱ isȱ
determinedȱbyȱtheȱcurvatureȱofȱEwaldȱsphere,ȱwhichȱ
willȱ increaseȱwhenȱ itȱdeviatesȱawayȱfromȱ theȱorigin.ȱ
Moreover,ȱ c' ȱȱ isȱ usuallyȱ smallȱ comparedȱ toȱ *c ȱ,ȱ
whichȱ couldȱ beȱ regardedȱ asȱ aȱ smallȱ incrementȱ orȱ
decrementȱ alongȱ theȱ shapeȱ factor,ȱ andȱ thus,ȱ suchȱ aȱ
mismatchȱ isȱ approximatelyȱ proportionalȱ toȱ theȱ
derivativeȱofȱtheȱintensityȱofȱshapeȱfactorȱwithȱrespectȱ
toȱzȬdirection,ȱasȱshownȱinȱFig.ȱ2(b).ȱMoreover,ȱsuchȱaȱ
mismatchȱcouldȱalsoȱbeȱinterpretedȱasȱaȱresultȱofȱphaseȱ
shiftȱinȱtheȱintensityȱvsȱtiltȬangleȱcurve.ȱFigure.ȱ2ȱ(c)Ȭ(f)ȱ
displayȱhowȱ theȱ simulatedȱ intensitiesȱofȱReSe2ȱwithȱ
differentȱ thicknessesȱ varyȱ withȱ tiltȬangle,ȱ weȱ haveȱ
chosenȱseveralȱpairsȱofȱdiffractionȱspotsȱtoȱexploreȱtheȱ
3Dȱinformationȱofȱtheȱreciprocalȱspace.ȱItȱisȱnowȱclearȱ
thatȱcomparedȱ toȱmultilayer,ȱ theȱselectedȱdiffractionȱ
spotȱintensitiesȱofȱmonolayerȱReSe2ȱareȱinsensitiveȱtoȱ
tiltȬangleȱ andȱ theȱ correspondingȱ Friedelȱ pairsȱ haveȱ
negligibleȱintensityȱmismatch.ȱMoreȱdetailsȱaboutȱtheȱ
effectsȱofȱtiltingȱmonolayerȱReSe2ȱareȱdiscussedȱinȱFig.ȱ
SȬ1ȱ inȱ Electronicȱ Supplementaryȱ Materialȱ (ESM).ȱ
Furthermore,ȱnoticeȱtheȱphaseȱshiftȱ s' ȱ willȱcauseȱtheȱ
twoȱcurvesȱtoȱseparateȱfromȱeachȱother,ȱandȱthusȱtheȱ
intensityȱmismatch.ȱSuchȱaȱmismatchȱisȱdependentȱonȱ
theȱoriginȱpositionȱofȱ theȱcurve,ȱ inȱotherȱwords,ȱ theȱ
intersectionȱ ofȱ Ewaldȱ sphereȱ andȱ shapeȱ factor.ȱ Forȱ
example,ȱ reciprocalȱ latticeȱpointȱpairȱofȱ (തʹ ത͵ȱ1)&(ʹ͵ͳതȱ)ȱ
areȱfarȱfromȱbasalȱplane,ȱandȱtheȱcorrespondingȱoriginȱ
positionsȱ ofȱ themȱ areȱ shiftedȱ intoȱ aȱ fastȱ oscillationȱ
zone,ȱ asȱ illustratedȱ inȱ Fig.ȱ 2(e).ȱAsȱ aȱ result,ȱ suchȱ aȱ
mismatchȱ atȱ originȱ increasesȱ whenȱ layerȱ numberȱ ȱ
goesȱfromȱmonolayerȱtoȱbilayer,ȱandȱdropsȱdownȱatȱ3L,ȱ
thenȱ risesȱagainȱ forȱ4L.ȱ Itȱ isȱworthȱ toȱpointȱoutȱ thatȱ
withȱtheȱincreaseȱinȱdistanceȱofȱdiffractionȱspotȱfromȱ
theȱtiltȬaxis,ȱtheȱsensitivityȱtoȱtiltȬangleȱincreases,ȱsinceȱ
theȱcorrespondingȱtiltȬarmȱwillȱincrease,ȱasȱindicatedȱ
inȱFig.ȱ2(f),ȱtheȱmodulationȱperiodȱisȱlargerȱthanȱthatȱ
ofȱ (e).ȱApartȱ fromȱ choosingȱ differentȱ Friedelȱ pairs,ȱ
increasingȱEwaldȱsphereȱcurvatureȱcouldȱalsoȱbroadenȱ
intensityȱmismatch,ȱseeȱmoreȱdiscussionsȱinȱFig.ȱSȬ2ȱinȱ
ESM.ȱ
Throughȱ ourȱ discussionsȱ onȱ theȱ theoryȱ andȱ
simulations,ȱweȱdemonstratesȱthat,ȱbyȱfiguringȱoutȱtheȱ
intensityȱmismatchȱbetweenȱaȱFriedelȱpair,ȱweȱcouldȱ
retrieveȱpartȱofȱ theȱ3Dȱ informationȱ inȱ theȱ reciprocalȱ
spaceȱwithoutȱtiltingȱourȱReSe2ȱcrystal,ȱtherefore,ȱourȱ
methodȱ couldȱ beȱ usedȱ toȱ unambiguouslyȱ identifyȱ
monolayerȱ ReSe2ȱ crystallineȱ withȱ oneȱ singleȱ
diffractionȱpattern.ȱ
ȱ
3ȱ ȱ Resultsȱandȱdiscussionȱ
AtomicallyȱresolvedȱADFȬSTEMȱimageȱwasȱemployedȱ
toȱconfirmȱmonolayerȱReSe2ȱsample,ȱasȱaȱreferenceȱtoȱ
demonstrateȱourȱfollowingȱdiffractionȱbasedȱmethod.ȱ
InȱFig.ȱ3(a),ȱatomsȱofȱrheniumȱandȱselenideȱcouldȱbeȱ
clearlyȱ resolved,ȱ andȱ brighterȱ atomsȱ representȱ
rheniumȱatomsȱsinceȱheavierȱatomsȱscatterȱelectronsȱ
moreȱstrongly.ȱInȱtheȱleftȱsideȱofȱthisȱfigure,ȱdiamondȬ
shapedȬchains,ȱ aȱ fingerprintȱ ofȱmonolayerȱ ReSe2,ȱ isȱ
distinctivelyȱ distinguishable,ȱ asȱ illustratedȱ byȱ theȱ
superimposedȱ atomicȱ modelȱ (insetȱ isȱ theȱ
correspondingȱlowȱmagnificationȱADFȬSTEMȱimage).ȱ
Onceȱtheȱmonolayerȱregionȱwasȱconfirmed,ȱdifferentȱ
thicknessesȱcouldȱbeȱidentifiedȱaccordingȱtoȱtheȱstepȬ
likeȱ intensityȱprofiles,ȱ asȱ shownȱ inȱFig.ȱ 3(b)[35,ȱ 36].ȱ
Therefore,ȱthisȱmethodȱwasȱemployedȱtoȱcrossȱcheckȱ
theȱthicknessȱofȱfewȬlayerȱReSe2ȱmembranes.ȱ
ReSe2ȱbelongsȱtoȱtriclinicȱcrystalȱsystem,ȱwhichȱhasȱ
theȱlowestȱsymmetryȱofȱall,ȱandȱlacksȱtheȱsymmetryȱofȱ
C2.ȱInȱotherȱwords,ȱflippingȱReSe2ȱmembraneȱoverȱisȱ
notȱ crystallographicallyȱ equivalentȱ underȱ theȱ sameȱ
experimentalȱconfiguration,ȱandȱweȱhaveȱtoȱdetermineȱ
itsȱverticalȱorientationȱatȱfirst.ȱFigure.ȱ4(a)&(b)ȱdisplayȱ
simulatedȱ diffractionȱ patternsȱ forȱ upsideȱ andȱ
downsideȱ orientedȱ monolayersȱ ReSe2ȱ respectively,ȱ
whichȱareȱobtainedȱbyȱflippingȱaroundȱtheȱyȬaxis.ȱAsȱ
weȱdiscussedȱearlier,ȱ theȱshapeȱfactorsȱofȱmonolayerȱ
remainȱ constantȱalongȱzȬdirection,ȱandȱ theȱ resultantȱ
diffractionȱpatternȱshouldȱflipȱaroundȱtheȱsameȱaxisȱasȱ
theȱ crystalȱ does,ȱ butȱ theȱ correspondingȱ multiȬlayerȱ
ReSe2ȱ behaveȱ differently,ȱ theyȱ flipȱ aroundȱ theȱ
horizontalȱaxis,ȱtheȱxȬaxis,ȱmoreȱdetailsȱareȱdiscussedȱ
inȱFig.ȱSȬ3ȱinȱESM.ȱExperimentalȱdiffractionȱpatternsȱ
forȱ theȱ correspondingȱ twoȱ verticalȱ orientationsȱ areȱ
shownȱ inȱFig.ȱ4(c)&(d),ȱandȱ theyȱareȱconsistentȱwithȱ
simulatedȱones.ȱNext,ȱforȱtheȱconcernȱofȱsignalȱnoiseȱ
ratio,ȱ lowerȱ orderȱ diffractionȱ spotsȱ sufferȱ fromȱ theȱ
backgroundȱ noiseȱ ofȱ centralȱ beam,ȱ henceȱweȱ selectȱ
Friedelȱpairsȱawayȱfromȱcentralȱbeamȱandȱthoseȱwithȱ
highȱbrightness.ȱFigureȱ4(e)ȱshowsȱintensityȱmismatchȱ
ofȱ theȱ chosenȱ Friedelȱ pairsȱ inȱ differentȱ layersȱ fromȱ
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experimentalȱdiffractionȱpatterns,ȱintensityȱmismatchȱ
isȱdefinedȱasȱ 1 2| |I I ȱ/ 1 2( )I I ȱ,ȱwhereȱ 1I ȱ andȱ 2I ȱ areȱ
theȱintegratedȱintensityȱofȱaȱFriedelȱpairȱ(backgroundȱ
subtracted).ȱ Weȱ findȱ thatȱ intensityȱ mismatchȱ isȱ
negligibleȱ inȱ monolayerȱ ReSe2,ȱ andȱ becomesȱ
significantȱ inȱ multilayers,ȱ butȱ theȱ trendsȱ areȱ notȱ
alwaysȱmonotonicallyȱ increasingȱ andȱ theȱ errorȱ barsȱ
increaseȱ dramaticallyȱ sinceȱ multilayersȱ areȱ moreȱ
sensitiveȱtoȱsmallȱtiltȱanglesȱ(seeȱmoreȱdiscussionsȱonȱ
theȱeffectsȱofȱdifferentȱtiltȬaxisȱinȱFig.ȱSȬ4ȱinȱESM).ȱInȱ
particular,ȱ theȱpairȱ ofȱ ( തʹ ത͵ȱ1)&(ʹ͵ͳതȱ),ȱwhoseȱ intensityȱ
mismatchȱ experiencedȱ upsȱ andȱ downsȱ fromȱ
monolayerȱtoȱfourȬlayer,ȱbehavesȱexactlyȱasȱexpectedȱ
fromȱ theȱ previousȱ discussionsȱ inȱ Fig.ȱ 2(e).ȱ Forȱ fullȱ
comparisonsȱ ofȱ simulatedȱ andȱ experimentalȱ
diffractionȱ patternsȱ forȱ differentȱ thicknessesȱ andȱ
extendedȱdiscussions,ȱseeȱFig.ȱSȬ5ȱinȱESM.ȱFinally,ȱourȱ
methodȱisȱnotȱlimitedȱtoȱReSe2,ȱfromȱtheȱderivationȱofȱ
theȱ theory,ȱ weȱ learnedȱ thatȱ theȱ layeredȱ crystalsȱ ofȱ
triclinicȱandȱmonoclinicȱsystemsȱwillȱfollowȱtheȱsameȱ
rule,ȱ sinceȱ theirȱ thirdȱunitȬcellȱbasisȱvectorsȱareȱalsoȱ
notȱperpendicularȱ toȱ theȱbasalȱplane.ȱMoreover,ȱ forȱ
highȱ symmetryȱ layeredȱ crystals,ȱ likeȱ graphene,ȱ ourȱ
methodȱwillȱstillȱworkȱifȱtheyȱareȱ inȱtheȱABȬstackingȱ
configuration,ȱandȱtheȱgeneralizationȱtoȱAAȬstackingȱ
requiresȱ tiltingȱ sampleȱoffȱ theȱ zoneȱ axis,ȱdetailsȱ areȱ
discussedȱinȱFig.ȱSȬ6ȱinȱESM.ȱ
Inȱconclusion,ȱbyȱmeasuringȱtheȱintensityȱdifferenceȱ
betweenȱ aȱ pairȱ ofȱ crystallographicallyȱ equivalentȱ
diffractionȱ spots,ȱ weȱ couldȱ distinguishȱ monolayerȱ
fromȱmultiȬlayerȱReSe2ȱmembranes,ȱ andȱ identifyȱ itsȱ
verticalȱorientations.ȱ
ȱ
Generally,ȱ inspiredȱbyȱtheȱmethodȱofȱtiltȬseriesȱdiffractionȱ
analysisȱtoȱdetermineȱthicknessȱofȱatomicallyȱthinȱcrystals,ȱ
weȱtookȱadvantageȱofȱtheȱintrinsicȱlowȱsymmetryȱpropertyȱ
ofȱ ReSe2ȱ crystalȱ structure,ȱ andȱ acquiredȱ anȱ individualȱ ȱ
diffractionȱpatternȱcontainingȱtheȱinformationȱofȱintensityȱ
mismatchȱofȱaȱpairȱofȱcrystallographicallyȱequivalentȱspots,ȱ
toȱ identifyȱ monolayerȱ ReSe2.ȱ Furthermore,ȱ byȱ visuallyȱ
comparingȱtheȱdiffractionȱpatternsȱofȱmonolayersȱReSe2,ȱweȱ
confirmedȱ itsȱ twoȱ verticalȱ orientations,ȱ whichȱ couldȱ beȱ
exploitedȱ forȱ anisotropicȱ applications.ȱMoreȱ importantly,ȱ
thisȱmethod,ȱinȱprinciple,ȱcouldȱbeȱgeneralizedȱtoȱotherȱ2Dȱ
materialsȱwithȱtriclinicȱorȱmonoclinicȱlatticeȱstructures,ȱandȱ
evenȱgrapheneȬlikeȱhighȱsymmetryȱ2Dȱmaterials.ȱ
ȱ
4ȱ ȱ Conclusionsȱ
Weȱconcludeȱthatȱbyȱquantitativelyȱanalyzingȱelectronȱ
diffractionȱpatternȱofȱfewȬlayerȱReSe2ȱmembranes,ȱitȱisȱ
possibleȱ toȱ identifyȱmonolayerȱReSe2ȱandȱ itsȱverticalȱ
orientationsȱ withoutȱ takingȱ tiltȬseriesȱ diffractionȱ
patterns,ȱ asȱ anȱ alternativeȱ toȱ theȱ previousȱ reportedȱ
thicknessȱ determinationȱ methodȱ byȱ electronȱ
diffraction.ȱ Inȱ ourȱ study,ȱ weȱ haveȱ distinguishedȱ
monolayerȱ ReSe2ȱ fromȱ multilayerȱ accordingȱ toȱ theȱ
intensityȱmismatchesȱofȱFriedelȱpairs,ȱandȱdeterminedȱ
itsȱ verticalȱ orientationsȱ throughȱ theȱ lowȱ symmetricȱ
diffractionȱpatterns.ȱThisȱanalyticalȱtechniqueȱisȱbasedȱ
onȱ theȱ lowȱ symmetryȱofȱReSe2ȱ crystalȱ structureȱandȱ
theȱ curvatureȱ ofȱ Ewaldȱ sphere,ȱ finallyȱ itȱ couldȱ beȱ
applicableȱ toȱ crystalsȱ ofȱ bothȱ triclinicȱ systemȱ andȱ
monoclinicȱsystem,ȱasȱlongȱasȱtheirȱthirdȱunitȬcellȱbasisȱ
vectorsȱareȱnotȱperpendicularȱtoȱtheȱbasalȱplane,ȱandȱ
generalizedȱtoȱevenȱthoseȱhighȱsymmetryȱ2Dȱmaterials.ȱ ȱ
ȱ
Methodsȱ
LayeredȱcrystalsȱofȱReSe2ȱwereȱgrownȱbyȱchemicalȬ
vaporȱtransportȱmethodȱusingȱI2ȱasȱtheȱtransportȱagent.ȱ
Theȱmethodȱconsistedȱofȱtwoȱsteps:ȱFirst,ȱpriorȱtoȱtheȱ
crystalȱ growthȱ theȱ powderedȱ compoundȱ ofȱ theȱ
rheniumȱdiselenideȱwasȱpreparedȱfromȱtheȱelementsȱ
(Re:ȱ99.95%ȱandȱSe:ȱ99.999%)ȱbyȱreactionȱatȱ1030ȱqCȱforȱ
10ȱdaysȱinȱevacuatedȱquartzȱampoules.ȱAboutȱ10ȱgȱofȱ
theȱelementsȱwereȱintroducedȱintoȱaȱquartzȱampouleȱ
(19mmȱOD,ȱ14mmȱID,ȱ15ȱcmȱlength),ȱwhichȱwasȱthenȱ
evacuatedȱ toȱ aboutȱ 10Ȭ6ȱ torrȱ andȱ sealed.ȱ Forȱ crystalȱ
growth,ȱ theȱ chemicalȱ transportȱwasȱ achievedȱ byȱ anȱ
appropriateȱamountȱ(~10ȱg)ȱofȱsynthesizedȱcompoundȱ
togetherȱwithȱtheȱtransportȱagentȱ(I2ȱaboutȱ10ȱmg/cm3)ȱ
placedȱinȱaȱquartzȱampouleȱ(22mmȱOD,ȱ17mmȱID,ȱandȱ
20ȱcmȱ inȱlength),ȱwhichȱwasȱthenȱcooledȱwithȱ liquidȱ
nitrogen,ȱevacuatedȱtoȱ10Ȭ6ȱtorrȱandȱsealed.ȱTheȱquartzȱ
tubeȱ wasȱ thenȱ placedȱ inȱ aȱ horizontalȱ threeȬzoneȱ
furnaceȱandȱtheȱchargeȱpreȬreactedȱforȱ24ȱhȱatȱ800ȱqCȱ
whileȱtheȱtemperatureȱofȱtheȱgrowthȱzoneȱwasȱsetȱatȱ
1000ȱqCȱtoȱpreventȱtheȱtransportȱofȱtheȱproduct.ȱTheȱ
furnaceȱwasȱslowlyȱsetȱtoȱgiveȱaȱconstantȱtemperatureȱ
ofȱ 1000ȱ qCȱ acrossȱ theȱ reactionȱ tube,ȱ andȱ thenȱ
programmedȱ overȱ 24ȱhȱ toȱproduceȱ theȱ temperatureȱ
gradientȱatȱwhichȱ singleȱ crystalȱgrowthȱ takesȱplace.ȱ
Bestȱresultsȱwereȱobtainedȱwithȱtemperatureȱsettingȱofȱ
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aboutȱ 1060o1010ȱ qCȱ inȱ aȱ temperatureȱ gradientȱ ofȱ
aboutȱȬ2.5ȱqC/cmȱandȱgrowthȱtimeȱofȱaboutȱ20ȱdays.ȱ
Toȱ prepareȱ freeȬstandingȱ fewȬlayerȱ ReSe2ȱ
membranes,ȱpolydimethylsiloxaneȱ(PDMS)ȱwasȱusedȱ
forȱmicromechanicalȱexfoliationȱofȱbulkȱhighȱqualityȱ
ReSe2ȱcrystals,ȱandȱthenȱthinȱflakesȱwereȱdepositedȱonȱ
topȱ ofȱ anȱ oxidizedȱ siliconȱ wafer.ȱ Later,ȱ fewȬlayerȱ
membranesȱwereȱidentifiedȱbyȱopticalȱmicroscopeȱandȱ
theȱdesiredȱregionȱwasȱcarefullyȱalignedȱtoȱholesȱofȱaȱ
laceyȱcarbonȱTEMȱgrid.ȱThen,ȱacetoneȱwasȱusedȱtoȱjoinȱ
carbonȱ filmȱ andȱ sampleȱ throughȱ evaporationȱ ofȱ
acetoneȱ inȱ air,ȱ subsequently,ȱ sodiumȱ hydroxideȱ
(NaOH)ȱ solutionȱ wasȱ usedȱ toȱ etchȱ awayȱ theȱ
underneathȱ SiO2ȱ layer.ȱ Finally,ȱ theȱ TEMȱ gridȱ withȱ
sampleȱ onȱ itȱ wasȱ immersedȱ inȱ waterȱ toȱ dissolveȱ
residualȱNaOHȱsolute,ȱandȱsubsequentlyȱinȱacetoneȱtoȱ
preventȱsupportȱfilmȱfromȱrupturing,ȱafterȱdriedȱinȱair,ȱ
ourȱsampleȱwasȱreadyȱforȱfurtherȱcharacterizations.ȱ
Diffractionȱpatternsȱofȱspecimenȱwereȱrecordedȱonȱ
aȱFEIȱTecnaiȱGȬF20ȱmicroscopeȱoperatedȱatȱ200ȱkV.ȱTheȱ
uniformȱ lateralȱdimensionȱofȱfewȬlayerȱmembraneȱ isȱ
onȱtheȱscaleȱofȱfewȱmicrons,ȱthereforeȱanȱilluminatedȱ
areaȱofȱ 200ȱnmȱ inȱdiameterȱwasȱ chosenȱbyȱ selectedȱ
areaȱaperture,ȱtoȱensureȱelectronsȱareȱfromȱtheȱregionȱ
ofȱinterest.ȱToȱobtainȱdiffractionsȱofȱtheȱspecimenȱwithȱ
opposedȱ verticalȱ directions,ȱ theȱ TEMȱ gridȱ wasȱ
reloadedȱandȱflippedȱoverȱoutsideȱtheȱmicroscope.ȱForȱ
quantitativeȱ diffractionȱ intensityȱ analysis,ȱ theȱ
exposureȱ timeȱ wasȱ limitedȱ inȱ theȱ rangeȱ whereȱ theȱ
responseȱfunctionȱofȱCCDȱdetectorȱremainȱlinear.ȱ
TheȱADFȬSTEMȱimagesȱwereȱrecordedȱonȱaȱprobeȬ
correctedȱTitanȱChemiSTEMȱatȱanȱaccelerationȱvoltageȱ
ofȱ 200ȱ kV.ȱAfterȱ acquiringȱ theȱ atomicallyȱ resolvedȱ
images,ȱweȱfurtherȱprocessedȱ imagesȱbyȱaȱtechniqueȱ
ofȱsuperimposingȱaȱstackȱofȱdriftȱcorrectedȱimagesȱtoȱ
enhanceȱsignalȱtoȱnoiseȱratioȱforȱbetterȱvisibility,ȱhence,ȱ
monolayerȱandȱmultiȬlayerȱReSe2ȱmembranesȱcanȱbeȱ
unambiguouslyȱ distinguished,ȱ moreȱ specifically,ȱ
multilayerȱ ReSe2ȱ areȱ stackedȱ withȱ aȱ lateralȱ shiftȱ inȱ
basalȱ plane,ȱ andȱ theȱ inȬplaneȱ motifȱ ofȱ diamondȬ
shapedȬchainsȱforȱmonolayerȱwillȱbeȱblurredȱasȱlayerȱ
numberȱ increases.ȱ Inȱ addition,ȱ intensityȱ profilesȱ
extractedȱ fromȱ lowȬmagnificationȱADFȬSTEMȱ imageȱ
couldȱ beȱ employedȱ toȱdetermineȱ theȱ correspondingȱ
relativeȱ thickness,ȱ sinceȱ theȱ numberȱ ofȱ largeȬangleȱ
scatteredȱ electronsȱ isȱ approximatelyȱproportionalȱ toȱ
theȱnumberȱofȱatomsȱinvolved.ȱ
Electronȱ diffractionȱ simulationsȱ wereȱ completedȱ
withȱ theȱopenȱ sourceȱmultisliceȱ simulationȱ softwareȱ
packageȱ QSTEM[48].ȱAtȱ first,ȱ largeȱ enoughȱ atomicȱ
structuresȱ withȱ differentȱ orientationsȱ (varyingȱ tiltȬ
angleȱandȱtiltȬaxis)ȱwereȱexportedȱfromȱtheȱsoftwareȱofȱ
CrystalMaker,ȱandȱtheyȱwereȱthenȱfeedȱtoȱQSTEMȱtoȱ
generateȱ correspondingȱ diffractionȱ patterns,ȱ theȱ
aboveȱprocessesȱwereȱautomatedȱwithȱaȱhomeȬmadeȱ
Pythonȱ script.ȱUnderȱ theȱ settingsȱ ofȱQSTEM,ȱ aȱ boxȱ
withȱ dimensionsȱ ofȱ 300 %ൈȱ 300 %ൈȱ 100 %ȱ
(150%ൈȱ150%ൈȱ100%ȱ forȱ largeȱ angleȱ tilting)ȱwasȱusedȱ
andȱ theȱ sliceȱ thicknessȱwasȱ 4.7%ȱ,ȱwithȱ theȱ tiltȬangleȱ
rangingȱfromȱȬ5°ȱtoȱ5°ȱinȱstepsȱofȱ1°ȱ(fromȱȬ30°ȱtoȱ30°ȱ
inȱ stepsȱofȱ2°ȱ forȱ largeȱangleȱ tilt),ȱwithȱ theȱ inȬplaneȱ
rotationȱofȱtiltȬaxisȱrangingȱfromȱ15°ȱtoȱ360°ȱinȱstepsȱofȱ
15°.ȱ Inȱ addition,ȱ aȱ 1kൈȱ1kȱ pixel2ȱ arrayȱwasȱ adoptedȱ
(500ൈ500ȱforȱlargeȱangleȱtilting)ȱtoȱkeepȱaȱresolutionȱofȱ
0.3%,ȱandȱtheȱaccelerationȱvoltageȱwasȱsetȱtoȱ200ȱkVȱ(60ȱ
kVȱforȱlowȱvoltageȱsimulations).ȱ
ȱ
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Figure 1 Structure of ReSe2 in direct and reciprocal space: (a) Atomic structure viewed from z-direction in Cartesian 
coordinates, unit cell basis vectors are coded with different colors, and reciprocal unit cell basis vectors are indicated 
by superscripts stars. (b) Atomic structure viewed from y-direction. (c) Visualization of shape factors in reciprocal 
space for the bi-layer ReSe2 crystal. (d) Distances of the nearest reciprocal lattice points with basal plane, the closer 
the point is from basal plane, the brighter the corresponding spot is. 
 
 
Figure 2 (a) Schematic description of the asymmetrical intersections between a pair of crystallographically 
equivalent shape factors and Ewald sphere. (b) Intensity modulatoin of shape factor in z-direction for different 
thicknesses, where zc ȱ isȱtheȱprojectionȱofȱ c& ȱ ontoȱzȬaxis. (c)-(f) Simulated intensity modulations with tilt-
angle of selected Friedel pairs for different thicknesses, simulated diffraction patterns of (c), (e)&(f) are tilted around 
x-axis, while (d) is tilted around y-axis. 
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Figure 3 (a) Atomically resolved image of monolayer and bilayer ReSe2, inset is the corresponding low-
magnification ADF-STEM image. (b) Step-like intensity profiles for different thicknesses, the greenish line is 
extracted along the greenish arrow in the inset of (a). 
 
 
Figure 4 (a)&(b) Simulated electron diffraction patterns of monolayer ReSe2 for upside and downside orientations 
respectively, white arrows indicate how intensity varies for better visual comparisons. (c)&(d) Experimental electron 
diffraction patterns of monolayer ReSe2 for upside and downside orientations respectively. (e) Intensity mismatch of 
selected Friedel pairs from experimental electron diffraction patterns. 
 
